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Abstract 
The D-subunit of the phycobiliprotein, phycoerythrocyanin (α-PEC), from Mastigocladus laminosus shows photoreversible 
photochromism that is based on the Z ↔ E isomerization of the phycoviolobilin (PVB) chromophore. Thermal stability of the 
photochemistry and chromoprotein secondary structure have been studied by absorption and circular dichroism (CD) 
spectroscopy. Both photoisomers are stable and photoconvertible up to ~ 70 °C. At T > 75 °C, photochemistry ceases because the 
E-state reverts rapidly thermally to the Z–state . The chromoprotein melts at 72 °C, the apoprotein already at 55 °C, indicating a 
considerable stabilization of the protein secondary structure by the chromophore. 
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Nomenclature 
 
D-PEC D-subunit of phycoerythrocyanin 
PBP phycobiliprotein 
PVB phycoviolobilin 
 
 
 
 
* Corresponding author. Tel.: +381 16 57391; fax: +3181 16 242 859. 
E-mail address: dejan_markovic57@yahoo.com 
 
 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientifi c Committee of HK-ICONS 2014 
Available online at www.sciencedirect.com
 Dejan Markovic et al. /  Procedia Chemistry  14 ( 2015 )  138 – 145 139
1. Introduction 
Phycobiliproteins (PBP) are photosynthetic light-harvesting pigments. In cyanobacteria and red algae, they are 
organized in supramolecular complexes, phycobilisomes1–3. The chromophores are open–chain tetrapyrroles. Both 
subunits of the heterodimeric (DE) PBPs carry one or more such chromophores that are covalently linked to the 
apoproteins by thioether bonds (Fig.1). Based on different conjugation lengths, the chromophores cover most of the 
visible spectrum (460 nm to 670 nm). Their photophysical and photochemical properties are, furthermore, 
profoundly modified by interactions with the native proteins that are only partly understood. Most PBP are brightly 
fluorescent and show no photochemistry. The D-subunit of phycoerythrocyanin (α-PEC) is an exception: it shows a 
photoreversible photoisomerization of its phycoviolobilin (PVB) chromophore between the 15Z (Omax= 570 nm) and 
15E state (Omax= 510 nm)4. The photoreaction is reminiscent of that of phytochromes and cyanobacteriochromes5–7. 
It is modified by the redox state of two cysteine residues8, and by the state of the protein: in the DE-heterodimer and 
higher aggregates, the photochemistry is lost in favor of fluorescence while after denaturation, both the reversible 
photochemistry and fluorescence are lost because of efficient internal conversion9. This plasticity of the 
photoresponse renders D-PEC an interesting candidate for applications, for example in bio–labeling.  
In denatured D-PEC, the 15E–state is irreversibly photoisomerized to the 15Z–state, which is photostable. With 
urea as denaturant, the reversible photochemistry is lost at curea > 4 M, and recovered after dialysis8. The thermal 
stability of the photoreaction of D-PEC from Mastigocladus laminosus, its reversibility after T–excursions to 
increasing temperatures, and the effect of the chromophore on the thermal stability of the protein are currently 
studied.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Photoconversion and chromophore structures of D-PEC. The state absorbing at 570 nm has the PVB chromophore in the 15Z-
configuration (green line and structure), it is converted by irradiation with 570 nm light to the state absorbing at 506 nm that has a 15E-
PVB chromophore (red line and structure), which is converted back to the 15Z isomer by irradiation with 500 nm light. The black line 
shows the absorption of D-PEC after isolation: it is a mixture of both states. The absorption at ~ 645 nm is due to a contamination that is 
not photoreactive. 
2. Materials and methods 
α-PEC4 and mini-α-PEC10 were isolated from Mastigocladus laminosus. Apo-α-PEC was expressed in E. coli11. 
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2.1. Methods 
VIS absorption spectra were recorded with a Perkin–Elmer model Lambda2 spectrophotometer in the range from 
300 nm to 700 nm. Samples (in 50 mM K-phosphate buffer, pH 7.1 to pH 7.2) in a 1 cm cuvette in a water 
thermostated cell holder could be irradiated from the top with a cold light source (Volpi 150 W) fitted with suitable 
interference filters4. 
Circular dichroism (CD) spectra were recorded with a Jasco model 810 spectropolarimeter in cylindrical water 
thermostated cuvettes in (i) the 200 nm to 250 nm range reflecting changes in the apoprotein secondary structure , 
and (ii) the 300 nm to 700 nm range to record the chromophore status. 
After thermal treatment, samples were digested with TPCK–treated trypsin (50 mM K-phosphate, pH 7.2, 100 
mM NaCl, 7 times 2 000 units per mg protein over 8 h, then 20 000 units overnight, 37 °C) The digest was passed 
over an Amersham G25 column (50 mM K-phosphate, pH 7.2), desalted and concentrated (Waters SepPak C18, 
washed with 0.1 % formic acid in water, eluted with 0.1 % formic acid in 2-propanol). The solvent was evaporated 
(SpeedVac, 30 °C), and the residue analyzed by HPLC (Alltech GromSil 100 ODS-2 HE, 10 μM,gradient A : B 
from 85 : 15 to 0 : 100 with A = 0.1 % formic acid in water, B = 0.1 % formic acid in 2-propanol, 1 ml · min–1 ). 
Chromopeptides were detected in the eluate by their absorptions at 586 nm (original 15Z-PVB) and 685 nm 
(oxidation product, mesobiliverdin).   
2.2. Photoconversion and T-excursion 
Photoconversion. α-PEC (or mini α-PEC) is generally obtained in a mixed state, containing both 15Z– and 15E–
PVB at varying ratios depending on the details of the isolation, in particular the light conditions (Fig. 1, black 
curve). At the beginning of the experiment, it was irradiated with 500 nm light to generate predominantly the 15Z–
state (Omax = 570 nm, green curves), or by 570 nm light to generate predominantly the 15E-state (Omax = 510 nm, red 
curves). During and after the T–treatment, UV–Vis or CD spectra were recorded, and photoreversibility (quantified 
as ''A4)was tested by sequential irradiation with 570 nm and 500 nm light.  
T-excursion: Samples (irradiated or non-irradiated) were adapted at 20 °C, then heated to the desired temperature 
(50 °C to 90 °C) with a linear gradient (1 °C · min–1), and then cooled down again to 20 °C at the same speed.  
2.3. Melting curves 
Melting curves were obtained by following the far–UV CD at 222 nm (secondary structure) or the absorption at 
562 nm (15Z–PVB in native state). Transition (“melting”) temperatures were obtained from fitting the change of the 
signal, y, with temperature, T, (melting) with a single (1) or double (2) Boltzmann equation 
y = A2   +   BxT   +   (A1  -  A2) / (1  +  exp[(T  - T1)/dT])      (1) 
y =  (A1  -  A2) / (1  +  exp[(T  - T1)/dT])   +  A3  +   BxT   +  (A2  -  A3) / (1  +  exp[(T  - T2)/dT]) (2) 
 
where A1, A2 and A3 denote the starting, intermediate and final amplitudes, B the slope of the curve before the 
transition, T1 and T2 the transition temperatures. 
 
3. Result and discussion 
The unique characteristic of α-PEC is its reversible photochromism based on the 15Z/E isomerization of its PVB 
chromophore. When isolated from Mastigocladus laminosus, α-PEC is obtained as a mixture containing varying 
amounts of the 15Z and 15E states. Both can be enriched to > 90 % by saturating irradiation at 500 nm and 570 nm, 
respectively (Fig. 1). At 20 °C, this phototransformation can be repeated many times without degradation4. The 
aforementioned type I photochemistry is the only consideration in this work. At reducing conditions, α-PEC can 
undergo another photoreaction (type II) that is based on the same 15Z/E isomerization of the chromophore, but has a 
different spectral signature due to modified chromophore-protein interactions8,12.  
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Fig. 2. Thermal stability of the chromophore in 15Z (a) and 15E– (b) D-PEC. Top: Successive loss of absorption with increasing temperature 
from 20 °C (solid) to 40 °C (dashed), 75° C (dots) and 90 °C (dash-dots)(green traces), in black the small recovery after decreasing the 
temperature to 65 °C and 20 °C (solid). Bottom: Successive loss of absorption and red shift corresponding to E→Z conversion with 
increasing temperature from 20 °C (solid) to 50 °C (dashed), 70 °C (dots) and 90 °C (dash-dots) (red traces), in black the small recovery 
of the Z-state after decreasing the temperature to 50 °C and 20 °C (solid). 
 
 
In the denatured state, the 15E chromophore photoisomerizes irreversibly to the 15Z chromophore. The thermal 
stability of the chromophore in both states of D-PEC was studied in the range from 20 °C to 90 °C. At temperatures 
up to 60 °C, both chromophores are stable. At T = 75 °C, scattering of the 15Z–sample indicates that part of the 
protein is already precipitated, but the chromophore still maintains its characteristic absorption except for some the 
broadening of the spectra (Fig. 2). At 90 °C, most of the absorption is lost and replaced by a broad band. When the 
sample is cooled again to 20 °C, the band at 570 nm sharpens again although most of the absorption is irreversibly 
lost (black arrow). The 15E-state is less stable: above 50 °C the chromophore begins to convert thermally to the 
thermodynamically more stable 15Z isomer (red arrow) which, upon cooling, shows band sharpening and only little 
regain of absorption (black arrow). This reversion becomes prominent between 75 °C and 80 °C (Fig. 3A, B). At     
80 °C, there is within the preparation and heating time no more 15E chromophore left; all is converted to the 15Z 
chromophore that is photochemically inactive (Fig. 3D). In both samples a shoulder at ~ 600 nm becomes obvious 
(Fig. 2). In type II photochemistry, the 15E state shows broadening of the absorption to > 600 nm8, this may indicate 
some thermally induced cysteine oxidation. 
The data from Fig. 2 and 3 show that thermal reversion of the chromophore and the loss of reversible 
photochemistry coincide, and that photoreversibility is no longer restored after cooling once the sample has been 
heated to > 75 °C. This indicates that at this temperature not only the non-covalent interaction between the 
chromophore and the protein become uncoupled, but that some change in the protein is irreversible so these 
interactions are irreversibly disturbed. Experiments with another PBP, C-phycocyanin, have shown that 
chromophore uncoupling is a sequential process: during titration with urea, fluorescence of the chromophore is lost 
first, indicating that the chromophore rigidity is no longer maintained. It is followed by reduced chromophore 
absorption, indicating a loss of the overall extended chromophore conformation. However, both processes occur 
before loss of the protein secondary structure as monitored by the far-UV CD signal13. To study if a stepwise 
denaturation also occurs in D-PEC, unfolding of the protein with temperature was compared with the loss of the 
chromophore absorption (Fig. 4). PEC is a largely D-helical protein. The characteristic far–UV CD signal of D-PEC 
“as isolated” shows a single transition decreases upon heating that can be fit by a single Boltzmann curve with a 
transition temperature of 71.1 °C. After irradiation with 500 nm light to enrich the Z–state, the melting becomes 
a. 
b. 
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biphasic. The first transition occurs already at T1 = 49.6 °C. Interestingly, this is very similar to the transition 
temperature of the apoprotein (T1 = 51.5 °C), indicating that part of the chromophore is destroyed during the 
preceding treatment. The second transition with T2 = 68.7 °C, is within the limits of error identical to that of the 
original sample. The same transition temperatures, within the limits of error, have also been obtained for the loss of 
secondary structure of mini–α–PEC, both in the Z–state (T1 = 68.8 °C, single-Boltzmann fitting) and in the E-state 
(T1 = 72.5 °C, single-Boltzmann fitting). Double-Boltzmann fitting of the former results in two very close (and 
probably artificial) transitions (T1 = 68.8 °C, T2 = 74.1 °C), at about the same temperature as the photochemistry is 
lost, and also this process is irreversible upon cooling. Within the limits of defining the temperature of irreversible 
unfolding of the protein, this process then coincides (and probably causes) the irreversible loss of photochemistry.  
 
 
Fig. 3. Thermal stability of the photochemistry of D-PEC. Spectra of the 15Z state before (green) and after irradiation with 570 nm light (red)  
at 75 °C (A) and 80 °C (B). Photoreversibility after T-excursion experiments (20 °C → T → 20 °C) of a 15E sample to T = 70 °C (C)  
and T = 76 °C (D): spectrum after return to 20 °C before irradiation (black), after irradiation with 500 nm light (green),  
and after subsequent irradiation by 570 nm light (red). 
 
Denaturation curves were also recorded at 562 nm (VIS–CD), they reflect the chromophore status, e.g. changes 
in PVB vicinity that maintain the chromophore in an extended conformation that is thermodynamically less stable 
than the cyclic–helical one14. The transition temperatures T1 obtained by single–Boltzmann fitting are very similar 
for D-PEC in the Z-state (69.8 °C), the E-state (68.9 °C), and also for non-irradiated mini-α-PEC (70 °C) (not 
shown).  
The first conclusion from these experiments is that the absence of the N–terminal helix–turn–helix motif in mini–
D–PEC has no significant effect on the temperature-induced changes in the chromophore surroundings. This motif is 
an appendix to the core globin structure of phycobiliproteins including PEC15. It is responsible for most of the 
subunit interactions in the DE-monomer, but distant from the chromophore, and its lack in mini-D-PEC does not 
affect the photochemistry10. There is, secondly, no significant difference between the stability of the Z– and the        
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E–states of D-PEC, indicating that the different chromophore-protein interactions in these states16 do not reflect in 
the thermal stability.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
Fig. 4. Thermal denaturation of D-PEC. a) Far-UV CD signal at 222 nm during heating from 20 °C  to 83 °C of D-PEC as isolated (black), after 
conversion to the 15Z-state (green), and of apo-PEC (brown). b) Chromophore absorption of the 15Z-state at 562 nm during heating  
from 20 °C to 90 °C and cooling down back to 20 °C. Arrows give direction of temperature change. 
 
Loss of the chromophore has, on the other hand, a rather dramatic effect, lowering the melting temperature by 
almost 20 °C. There is currently no X–ray structure of any apo-PBP available. Modeling of the apoprotein after 
removing the chromophore from the structure of D-PEC16 resulted in considerable loss of secondary structure 
(unpublished). This would agree with the increased thermal stability after attachment of the chromophore. An 
increased stability has also been found with another globin, myoglobin, even with non–natural chlorophyll–derived 
chromophores17. Obviously, the chromophores contribute to the stability of the globin fold irrespective of their 
covalent or non–covalent binding. 
The agreement between the transition temperatures of the protein secondary structure (far–UV CD) and the 
chromophore conformation (562 nm CD) indicates a concerted loss of structure of D-PEC in the range of 68 °C to 
72 °C. Although the loss of photochemistry has not been obtained with such a precision, this value agrees well with 
the temperature where the loss of reversible chromophore photochemistry becomes obvious. It should be noted, 
however, that all transitions are irreversible, which is in contrast to the urea denaturation of another PBP, C-
phycocyanin13. Minor differences among the curves may then go unnoticed, and only become noticeable with a very 
high degree of reproducibility of the thermal treatments and repetitive measurements. As also no thermodynamic 
parameters can be obtained from the irreversible process, urea denaturation seems advantageous with biliproteins. 
Finally, chromopeptides were studied that were obtained by trypsin digestion of the protein after the denaturating 
thermal treatment, i.e. the T-excursion to T = 90 °C. HPLC analysis of the tryptic digest of the original sample 
shows several peaks in the range of 33 min to 50 min, the spectrum of the major peak at tr.= 36 min is that of the 
PVB chromophore in an uncoupled, partly protonated state (Fig. 5). Only three of the significant peaks are retained 
after the T-excursion, in particular the ones at 41 min and 44 min, and these are considerably enhanced at the 
expense of all other peaks. The spectrum of the major peak at tr = 44 min is completely different from PVB: it is 
blue-shifted by almost 100 nm and indicative of a mesobiliverdin (MBV) chromophore. MBV can arise from PVB 
by oxidation (dehydrogenation) of the 4 to 5 single to a double bond. It is likely that this occurs during denaturation 
a. 
b. 
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in the aerobic sample. However, the presence of some of this chromophore in the original sample indicates that the 
oxidation can also occur during isolation or storage. It is likely that the long–wavelength  absorption of the PEC 
used for this study (Fig. 1) is due to this chromophore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) HPLC of  a tryptic digest mini-D-PEC after reversible T-treatment (20 °C → 90 °C → 20 °C) (red, Oabs = 685 nm) and of  
untreated mini-α-PEC (black, Oabs = 586 nm). (b) Absorption spectra of the major peaks at tr = 36 min and 44 min, due to untreated  
mini-α-PEC with a 15Z-PVB chromophore (black), and the oxidized product containing a mesobiliverdin chromophore (red). 
 
4. Conclusions 
Within the limits of error, thermal unfolding D-PEC is a concerted process by which the protein secondary 
structure, the chromophore conformation and the reversibly photochemistry are lost at a transition temperature near 
70 °C. This process is irreversible. Unlike another globin previously studied by us, that is native and cofactor-
modified myoglobin17, D-PEC carries a covalently bound chromophore that is not released during denaturation. 
However, the chromophore becomes irreversibly oxidized, which may contribute to the irreversibility of the 
denaturation.  
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